A fixed bed column packed with chitosan-sodium tripolyphosphate (CTPP) beads was used to remove aqueous Fe (III) ions. The adsorption of Fe (III) ions on CTPP beads was found to be dependent on operating conditions, such as the flow rate, adsorbent bed length, and feed concentration. The experimental data were assessed with Thomas, Adams-Bohart and Yoon-Nelson models to predict the breakthrough curves using linear regression. The breakthrough curves were better fitted with the Thomas and Yoon-Nelson models when the flow rate was varied and the feed concentration and the bed height of the column were fixed. Therefore, chemical adsorption may be the limiting step that controls the continuous adsorption process. The Adams-Bohart model presented a good fit to the experimental data, showing that external mass transfer was controlling the adsorption process in the initial part of the breakthrough curves. The parameters obtained from the continuous adsorption assays may be used as a basis for designing columns packed with CTPP beads for the removal of Fe (III) ions.
INTRODUCTION
Water pollution is a universal problem in contemporary civilization, representing one of the most worrying aspects in the degradation of natural resources. The contaminants of water can include heavy metals, and these heavy metals can come from anthropogenic and natural sources (Khlifi & Hamza-Chaffai ) . Heavy metals tend to accumulate in certain tissues of the human body and are toxic even at low levels of exposure (Hashim et al. ) . Some metals, such as copper and iron, are essential for life and play irreplaceable roles. Iron exists in the environment in mainly two valence states, i.e. Fe (II) and Fe (III), and is one of the most important trace elements in biological systems (Cundy et al. ) . The excess iron is toxic to human health, because it reacts with peroxides to produce free radicals that are highly reactive and can damage DNA, proteins, lipids and other cellular components. The presence of iron in water, in concentrations greater than 0.3 mg/L, changes its taste, odor and appearance (Khalil et al. ) . The mining, iron and steel industries and metal corrosion are the main sources of water pollution (Bordoloi et al. ; Kim et al. ) .
Mining in México is one of the country's most traditional economic activities. Moreover, Sonora, México, is the largest producer of copper, and the state also produces 28.5% of the gold in the country. Furthermore, it is a major producer of silver, iron and non-metallic minerals (SE ). Therefore, there is a risk of mine effluents being contaminated by heavy metals. Nearby rivers and mines have been contaminated by wastes, and heavy metals such as copper, arsenic, aluminum, cadmium, chromium, iron, manganese and lead have been found in discharges surpassing environmental standards (Gómez-Álvarez et al. ; SEMARNAT ).
There are several technologies for the removal of these pollutants, for example, chemical precipitation, ion exchange, coagulation-flocculation, flotation, membrane filtration, electrochemical treatments, and adsorption (Barakat ; Li et al. ) . Chemical precipitation is a simple and inexpensive process, but like coagulation-flocculation it produces toxic sludge. Electrochemical treatments require fewer chemicals and produce less sludge, though they involve high capital investment and energy costs.
Flotation and membrane filtration have high removal efficiency; however, these are expensive processes. In ion exchange the resins can be regenerated, and reused, but it is expensive when treating a lot of wastewater that contains heavy metals in low concentration (Fu & Wang ) . The adsorption process has become one of the most attractive techniques, because it is recognized as an effective and economical method. Furthermore, this process can eliminate or minimize different types of contaminants and therefore has a wider applicability to control water pollution (Bhatnagar & Sillanpää ; Fu & Wang ) . The use of bio-based materials as adsorbents is considered one of the most promising options in the treatment of wastewater containing low concentrations of heavy metal ions. Chitosan is a biological and inexpensive material and can be obtained in large quantities (Auta & Hameed ) . Sonora, México, has a healthy fishing industry, and shrimp is one of the most important resources. Because of this, the chitosan used in this study is derived from chitin found in shrimp wastes.
Chitosan has the disadvantages of being soluble in dilute acids and exhibiting poor mechanical properties; thus, it is necessary to reinforce its stability through changes to its structure. Therefore, in this research chitosan cross-linked with sodium tripolyphosphate is utilized.
There has been significant research conducted on removing heavy metals using chitosan; however, very few studies have removed Fe (III) using chitosan-sodium tripolyphosphate (CTPP) (Laus et al. ; Correa-Murrieta et al. ) . Moreover, only Laus et al. () have conducted experiments in a continuous process, but the effect of operating conditions on the process and the modeling of breakthrough curves were not presented.
The aim of this research is to analyze the adsorption behavior of aqueous Fe (III) ions on CTPP packed in a fixed bed column. The effect of operating conditions, such as the flow rate, the adsorbent bed length, and the feed concentration, on the process was studied. The breakthrough curves are then modeled using the Thomas, Adams-Bohart and Yoon-Nelson equations.
MATERIALS AND METHODS

Materials
Chitosan was synthesized in the laboratory, following the methodology of Correa-Murrieta et al. () . The degree of deacetylation of the chitosan was 81.7%, and the molecular weight was 1.29 × 10 5 g/mol. All of the chemicals utilized were of analytical grade. Aqueous solutions were prepared using Milli-Q water (Nanopure DIamond UV system, Barnstead International, Dubuque, IA, USA). All glassware utilized was washed with concentrated hydrochloric acid and rinsed with distilled water.
Adsorbate and adsorbent preparations
Continuous adsorption assays were conducted to remove Fe (III). The iron (III) ions were obtained from FeCl 3, and the solutions were adjusted to pH 3 using diluted HCl.
The quantification of Fe (III) was done by the phenanthroline method (Standard Methods for the Examination of Water and Wastewater ), using a GENESYS 10 UVvis scanning spectrophotometer (Thermo Fisher Scientific, Madison, WI, USA) at 510 nm.
CTPP beads were prepared following the methodology of a previous investigation. The CTPP beads exhibited an average diameter of 3.03 ± 0.14 mm with 90.81 ± 0.13% humidity (Correa-Murrieta et al. ).
Experimental assembly
The dynamic tests were carried out using a glass column (height of 30 cm and internal diameter of 2.54 cm) that was packed with CTPP beads. Fiberglass was placed at both ends of the column to prevent clogging of the adsorbent at the bottom and to prevent floating on top. Similarly, the glass beads were placed to allow a uniform distribution of the influent. First, the system was stabilized with a continuous flow of Milli-Q water at a pH of 3 for 12 hours. The liquid was subsequently drained. Iron solution was introduced into the column with an up-flow using a peristaltic pump (Masterflex, Cole-Parmer, IL, USA), taking care not to form bubbles in the system. Effluent samples were collected at set time intervals until the Fe (III) concentration remained constant.
Operating conditions effect
To evaluate the effect of flow rate on the adsorption of Fe (III), the column was fed with 0.5, 1.0 and 2.0 mL/min of solution, using a constant bed length of 7.6 cm (2 g of dry mass) and a feed concentration of 4 mg/L. The effect of the bed length was examined at constant flow rate (0.5 mL/min) and feed concentration (4 mg/L) by using bed lengths of 1.9, 3.8 and 7.6 cm, corresponding to 0.5, 1.0 and 2.0 g of dry adsorbent mass, respectively. Finally, the effect of varying the Fe (III) feed concentration (4, 8 and 12 mg/L) was analyzed; the flow rate (0.5 mL/min) and the bed height (7.6 cm) were kept constant. The operating conditions used in these tests were selected based on previous studies (Correa-Murrieta et al. ), in which optimal conditions, kinetics and adsorption isotherms were determined by batch experiments.
Column data analysis
Data obtained on the effect of varying the operating conditions were analyzed as described below (Han et al. ) . The maximum column capacity q total (mg) for a feed concentration (C 0 , mg/L) was calculated using the following expression:
where Q is the flow rate (mL/min) and A is the area under the plot of the adsorbed Fe (III) concentration (C ad , mg/L) versus effluent time (t, min). t total is the total flow time (min). The equilibrium Fe (III) uptake, q eq (exp) (mg/g) represents the adsorbate mass retained on the column per unit dry adsorbent mass, X (g), and can be obtained as follows:
The total amount of Fe (III) ions fed to the column, W total (mg), was calculated with the equation:
The total removal percent of Fe (III) (Y ) was calculated as:
Modeling of breakthrough curves
The fits between the experimental data and the linearized forms of the equations of the breakthrough curve models were performed by determining the linear regression coefficients, R 2 , using Microsoft Excel (Microsoft Inc., WA, USA).
Statistical analysis
The continuous adsorption experiments were performed at least in duplicate using a completely randomized design.
The mean values and standard deviations were calculated using a spreadsheet program (Microsoft Inc., WA, USA).
RESULTS AND DISCUSSION
Operating conditions
The adsorption behavior of Fe (III) in the fixed bed column was evaluated by varying operating conditions such as the volumetric flow rate (Q), the adsorbent bed length (Z) and the feed concentration (C 0 ). The experimental parameters and the obtained results are summarized in Table 1 .
Effect of the flow rate Figure 1 shows the breakthrough curves for the adsorption of Fe (III) on CTPP beads at different flow rates. Analysis was carried out by maintaining the feed concentration of Fe (III) ions (4 mg/L) and the adsorbent bed length (7.6 cm) constant. Table 1 shows that as the flow increased, the maximum column capacity (q total ) and the equilibrium Fe (III) uptake (q eq (exp) ) decreased. However, by increasing the flow rate, the total removal percent of Fe (III) (Y ) decreased. This was because for a lower flow rate, more time was available for the diffusion of Fe (III) ions into the internal pores of the CTPP beads, so more metal ions could be captured by the adsorption sites within the 
Effect of the adsorbent bed length
Experiments to study the effect of varying the length of the adsorbent bed on the removal of Fe (III) by CTPP were carried out when the feed concentration (4 mg/L) and the influent flow rate (0.5 mL/min) were kept constant. Table 1 shows that with increasing bed length, the column capacity, the equilibrium uptake and the total removal percent of Fe (III) ions increased. This may be because by increasing the adsorbent mass, the surface area increased, and a larger amount of adsorption sites were available to remove the metal ions. Figure 2 shows that with a decrease in the bed length, steeper breakthrough curves were produced. Column saturation was achieved with only 1.9 cm of the adsorbent (0.5 g of dry weight) in 7 days of operation; however, for other lengths, saturation could not be reached. Several investigators have observed the same behavior in the adsorption of metal ions on different adsorbents. For example, Han et al. () observed a similar behavior in the removal of lead and copper ions using zeolite coated with manganese oxide, and the same followed for Kavianinia et al. () Figure 3 illustrates the effect on the breakthrough curves of varying the concentration of Fe (III) fed to the column, keeping the bed length (7.6 cm) and the flow rate (0.5 mL/min) constant. At higher initial concentrations, the slopes of the breakthrough curves were observed to be steeper. In Table 1 , it can be observed that by increasing the concentration of the influent from 4 to 12 mg/L, the column capacity, the equilibrium uptake, and the total removal percent of Fe (III) decreased. This was because the adsorbent required more time to reach equilibrium adsorption. At high concentrations of Fe (III) ions, the CTPP beads saturated faster, and the breakthrough was reached before all of the active sites of the adsorbent were occupied by metal ions (Cruz-Olivares et al. ).
Effect of feed concentration
Modeling of the breakthrough curves
The adsorption behavior of heavy metals in a fixed bed column is often expressed in terms of C t /C 0 (C t ¼ concentration of metal ions in the effluent, and C 0 ¼ concentration of metal ions in the influent) versus time for a given adsorbent bed length. The resulting graph is called a breakthrough curve, which represents the evolution versus time for a given concentration of the effluent to leave the bed. Several mathematical models have been developed to express the dynamic behavior of the column. In this research, the experimental data obtained from the adsorption of Fe (III) ions in a fixed bed column were evaluated using the Thomas, Adams-Bohart, and Yoon-Nelson models.
Thomas model
The Thomas model is one of the most widely used models to predict breakthrough curves in a fixed bed column. This model assumes Langmuir kinetics of adsorption-desorption without axial dispersion, indicating that the rate of the driving force is due to second order reversible reaction kinetics (Ahmad & Hameed ) . The linearized form of the Thomas equation is as follows:
where K Th is the Thomas rate constant (mL/(mg·min)) and q 0 is the equilibrium uptake capacity (mg/g). These parameters can be obtained from a plot of ln((C 0 /C t ) À1) versus t for a given flow rate. Table 2 shows the parameters calculated from the Thomas model. By analyzing the operating conditions, it can be observed that with increasing volumetric flow rate (Q), the value K Th increased and the value of the equilibrium uptake capacity (q 0 ) decreased. With increasing bed length (Z ), the value K Th decreased and q 0 increased. Finally, by increasing the initial concentration (C 0 ) of Fe (III), q 0 decreased, because at low concentrations the mass transfer was slower and the adsorption capacity was improved (Futalan et al. ) .
In summary, the adsorption capacity increased with decreasing flow rate, increasing bed length, and decreasing influent concentration. The equilibrium uptake capacity (q 0 ) was very similar to the experimental (q eq (exp)) value reported in Table 1 for all operating conditions analyzed. The best model fit to the data (R 2 ¼ 0.9787) was obtained when the column was operated at an influent concentration of 4 mg/L, flow of 1 mL/min and bed height of 7.6 cm (see Figure 4 ). The fact that the Thomas model presented a good fit for some of the operating conditions may mean that chemical adsorption was the limiting step controlling the adsorption process. These results are consistent with those reported by other researchers into the adsorption of metal ions, using other adsorbents such as chitosan immobilized on bentonite, silica-polyacrylamide, modified chitosan hydrogels, and zeolite-cellulose acetate (Futalan et 
Adams-Bohart model
The Adams-Bohart model is based on surface reaction theory and assumes that equilibrium is not instantaneous; hence, the adsorption rate is proportional to both the residual capacity of the adsorbent and the adsorbate concentration. Moreover, the model is applied in regions of low concentrations (much lower than the initial concentration), and when the adsorption rate is limited by mass transfer (Karimi et al. ) :
where K AB is the kinetic constant (L/(mg·min)), N 0 is the saturation concentration (mg/L), and U 0 is the superficial velocity (cm/min). U 0 is obtained by dividing Q (mL/min) by the area of the cross-section of the bed (cm 2 ). The K AB and N 0 parameters can be calculated from a plot of ln(C t /C 0 ) versus t. Table 3 shows the parameters obtained from the Adams-Bohart model for different operating conditions. The fitted experimental data were those corresponding to the initial part of the breakthrough curve. The saturation concentration (N 0 ) increased with decreasing flow rate, increasing bed length, and decreasing feed concentration. Moreover, the kinetic constant (K AB ) decreased with the initial concentration of Fe (III), which can be attributed to the domination of external mass transfer over adsorption in the initial stages of the column. The model better fitted the experimental data (R 2 ¼ 0.9775) when the column operated at a flow rate of 0.5 mL/min, a feed concentration of 4 mg/L, and a bed height of 1.9 cm (see Figure 5 ). Other researchers have found similar results using this model (Cruz-Olivares et al. ; Auta & Hameed ).
Yoon-Nelson model
The Yoon-Nelson model assumes that the rate of decrease in the probability of adsorption for each adsorbate molecule is proportional to the probability of the adsorbate adsorption and the probability of adsorbate breakthrough on the adsorbent (Singh et al. ) . It is represented by the equation:
where K YN is the rate constant (1/min) and τ is the time required for 50% adsorbate breakthrough (min). A linear plot of ln(C t /(C 0 À C t )) against sampling time (t) determines the values of K YN and τ from the intercept and the slope of the graph. 
